The author reviewed brain-imaging studies on human handedness reported in major academic journals for the last 12 years, classiˆed them as having anatomical or functional interest, and attempted to determine consensus onˆndings and limitations among the studies. Present reviews suggest that there have been fewer functional than anatomical examinations into handedness and thatˆndings from those studies have not been necessarily consistent, that participants' degree of handedness has not been consistent between left-handed and right-handed people, and that much more brain-imaging study is anticipated to examine functional and anatomical diŠerences of handedness based on genetic and environmental models.
Introduction
Handedness has long been of interest because irrespective of geographical region and diŠerences in assessment methods, it is a universal phenomenon that the majority of people prefer to use their right hand. [1] [2] [3] [4] [5] A systematic handedness survey by Perelle and Erhman 6 administered to 12,000 subjects in 17 countries, including 14 Western countries, Mexico, New Zealand, and Nigeria, showed 85.8z of participants to be right-handed (range, 77.5 to 92.6z). Among the Japanese population, 88.7z were right-handed. 7 Porac and Coren 8 suggested that there has been a similar level of right-hand preference regardless of geographical region and over time for 50 centuries. Thus, a physiological theory of handedness should be supported over cultural and social determinants of handedness.
Primarily because of its association with the symmetry of hemispheric function, especially for language, handedness has been of interest to neuropsychologists. 9 A history of neuropsychological handedness studies might be classiˆed into 3 waves or phases, with each wave peaking every 20 to 30 years in the cycle. 4 In theˆrst wave, around the 1930s, handedness study related to developmental issues of the lefthanded. Several well known longitudinal studies reported and suggested inconsistent developmental changes in hand preference in infancy and that hand preference in manual activity tends toˆx at around age 5. They also stressed the possibility of a detrimental in‰uence on intelligence and personality in left-handed children from a parentally forced change of hand use. Olton and Ballard were the most well known researchers in this phase. 10, 11 In the second wave, in the 1970s to 80s, behavioral studies aimed to demonstrate diŠerent hemispheric function between the right-and left-handed. Many researchers devoted their energies to socalled``laterality'' study, which emerged from studies by Sperry and colleagues in patients with split brains. [12] [13] [14] [15] [16] [17] Hemispheric function in several cognitive abilities was compared between such patients and normal adults, and other issues were considered, such as whether the left-and right-handed possess the same cerebral specialization patterns. Most studies suggested that the left-handed showed no, or very weak, hemispheric diŠerences in function, whereas the right-handed showed rather robust diŠerences, e.g., a left-hemisphere advantage in verbal cognition and a right-hemisphere advantage in nonverbal material cognition. 4, 18, 19 In other words, studies showed hemispheric functional specialization to be diŠuse in the left-handed, but clear in the right-handed, thus showing laterality of function.
The third wave, in the 1980s and thereafter, has focused on proposed handedness models and examination of their validity. Several scientiˆc models have proposed and tried to clarify the mechanisms underlying handedness. The models can be classiˆed as genetic (heredity) and environmental (caused by hormonal variations in the fetal brain or stress at birth). The well known genetic models were proposed by Annett [20] [21] [22] and McManus. 23 Since the 1990s, brain-imaging techniques, such as computed tomography (CT), magnetic resonance (MR) imaging, functional MR imaging (fMRI), and positron emission tomography (PET), have been employed to examine handedness, and the studies using these techniques can be regarded as an extension of the third wave. That is, many brain-imaging studies examined the validity of speculation derived from the genetic and hormonal models and tried to look for novel factors.
Regardless of the many review articles published in theˆrst, second, and third waves, few systematic meta-analyses of handedness-related brain-imaginĝ ndings are reported. This article aims to review brain-imaging studies related to handedness and the brain. Because of the increased reliability and technical development of brain imaging in recent years, the present review is based mainly on a survey of the Medline and PsychoInfo databases for the last 12 years, from 1994 to 2006.
An overview of piles of collected articles suggests that those that investigated functional diŠerences between the left-and right-handed relied on fMRI and PET, and those addressing anatomical morphological diŠerences relied on MR imaging, CT, and other modalities. Some articles also evaluated the validity of handedness models, such as the genetic model and environmental models, like the hormonal and birth-stress models. The methods and results of those studies are presented based upon the above categorization and are summarized in a table; the limitations of the studies are explored; and future issues for studying the special advantage of brain-imaging techniques are suggested.
Handedness Model Genetic model of handedness
The genetic models of Annett and McManus are most often mentioned in laterality literature. They diŠer from previous models in not postulating a gene especially for the left-handed. Both stress that chance plays a major role in the determination of handedness.
Annett's genetic model for handedness, the socalled right shift (RS) theory, posits 2 alleles, rs＋ and rs-, at a single locus. The rs＋ allele (gene) ensures that speech is lateralized to the left hemisphere and coincidently leads its possessor to become right-handed, and chance factors operate independently in the direction of lateralization for speech and handedness; that is, handedness is random. If both alleles occur equally often in the population and mating is random with respect to this gene, then 50z of the population will be rs＋ rs-, 25z rs＋rs＋, and 25z rs-rs-. People in theˆrst 2 groups (rs＋rs-and rs＋rs＋) would show a right shift (left-hemisphere language and right-handedness). The rs-rs-group, however, would lack any right shift, and in Annett's view, environmental eŠects would determine hand preference. In the absence of any strong environmental bias, one would expect about half of this 25z to be left-handed and half to be right-handed. The 12.5z left-handed prediction by Annett's model is quite close to the number of left-handed people actually found in the general population. The same reasoning can also readily account for the fact that nearly 50z of the oŠspring of left-handed parents are left-handed and that the left-handed show a very mixed pattern of asymmetry on other measures, such as speech lateralization and eye dominance.
As she postulated, the RS factor favors lefthemisphere speech, and in its absence, cerebral speech would arise by chance. It follows that the population of rs-rs-genotype are atypical speakers. In her later version of the model, she mentioned more about relationships between handedness and cognitive abilities. For example, she suggested that the rs＋rs＋ genotype (a double dose of right shifter) might lead to poor performance with the left hand and to spatial deˆcits, whereas rs-rs-people might be susceptible to reading di‹culties.
The model oŠered by McManus postulates a gene (D) for the left hemisphere for speech as well as handedness that codes for dextrality and a gene (C) that codes for chances of ‰uctuating symmetry. 23 The homozygote DD is always dextral, whereas 50z are right-handed and 50z left-handed with the CC homozygote. He hypothesized that in the case of the heterozygote DC, D is expressed half the time and C the other half and that when C is expressed, the outcome is dextral 50z of the time and sinistral for the remainder. Dextral and sinistral are regarded as discrete biological types. The D gene is regarded as a gene for left-hemisphere speech as well as for handedness. Thus, all those of DD genotype would be expected to be right-handed and left-dominant for speech. Among CC genotypes, handedness and brainedness are independent, and each is determined by separate chance events. Among those of DC genotypes, one quarter are expected to be right-brained (in the same way that one-quarter are expected to be left-handed), but the asymmetries of hand and brain are independent.
In these genetic models by Annett and McManus, chance plays a major role in the determination of handedness. Annett's model has a postulate that the expression of the right-shift gene is greater in females than in males (and reduced in twins compared with singletons). McManus's model has a sex-linked``modiˆer gene'' that explains the greater number of left-handed males than females.
As described, several predictions arise from these genetic models concerning diŠerent hemispheric functions between the left-and right-handed based on various behavioral measures that thus provoke examination of handedness in cognitive hemispheric function using brain-imaging techniques such as PET, fMRI, and, more recently, near-infrared spectroscopic imaging (NIRS). For example, Annett 24 pointed out that variation in hand skill shows a remarkable parallel with variation in the asymmetry of the planum temporale. The area of the left planum temporale is roughly constant, whereas the size of the right planum varies.
Birth stress model
One environmental factor model thought to contribute to handedness is pre-or perinatal brain trauma, such as that from Cesarean section, prematurity, Rh incompatibility, or breech birth. Bakan's group 25 proposed that all left-handedness is the result of such trauma. Satz and colleagues 26, 27 take a weaker position, suggesting that most lefthandedness occurs from genetic factors and only the remaining left-handedness occurs as a result of early brain trauma. That is, the incidence of left-handedness is positively correlated with such factors as birth stress. Satz reported that in many pathological groups, especially patients with epilepsy and with mild retardation, the incidence of left-handedness is signiˆcantly higher than in the general population. He has suggested that lefthandedness results from damage of the left hemisphere that produces mild hypofunction of the contralateral hand, thus leading the child to switch to the opposite hand for manual activities. Assuming the side of early brain trauma to be randomly distributed, this model also requires that some individuals who would normally be left-handed have suŠered right-hemisphere brain trauma and have thereby become pathologically right-handed. Because the incidence of left-handedness is so small in the general population, such cases of pathological right-handedness would be much less frequent than instances of pathological left-handedness, and the shift in the targeted pathological group would be toward a greater incidence of left-handedness. They reported supporting data for this model. 26, 28, 29 Hormonal model of handedness
Geschwind and associates noted a link between left-handedness and immune disorders and migraine. 30 They compared 500 left-handed and 900 right-handed participants and noticed a 2.5-times higher rate of immune disorder and 10-times greater rate of learning disorders in the left-handed group. In another study, they found the incidence of migraine, allergies, dyslexia, stuttering, skeletal malformations, and thyroid disorders to be signiˆcantly higher for the left-handed population. Among those with proven autoimmune diseases, the rate of left-handedness was signiˆcantly higher than in the general population inˆve of the 8 autoimmune disorders included in this group. 31 Since then, Geschwind, Behan, and Garaburda have published numerous articles and developed a far-reaching theory of lateralization, the so-called Geschwind-Behan-Garaburda theory, that has aimed to account for the aboveˆndings and many others. [32] [33] [34] This model was based not only on neurological researchˆndings, but also onˆndings in genetics, pharmacology, and biochemistry, and it is a large-scale model for the interpretation of various matters, including homosexuality, developmental disorders, including autism, dyslexia, and learning disabilities. The proposal of a handedness model that accounts for why the left-handed are born was also one of the targets in their model.
The key concept of their model was that excessively high levels of secretion of male hormones, for example, testosterone, at the critical stage of brain maturation during fetal life causes a slowing down in the growth of parts of the left hemisphere in a region known as the planum temporale, a part of the superior surface of the temporal lobe, so that the corresponding regions in the right hemisphere develop more rapidly. As a consequence, males will show a greater shift to right-hemisphere participation in handedness and language and will more likely have augmented right-hemisphere skills. They are slow in left-hemisphere development, which in some cases results in the development of dyslexia, the incidence of which is higher in males than in females.
In short, their theory claims that: handedness is the re‰ection of an anatomical asymmetry of the human cerebral hemispheres; 70z of the population are right-handed and have left-hemisphere language (standard dominance), whereas 30z of population are left-handed and have right-or bothhemisphere language (anomalous dominance); the cause of anomalous dominance is mainly environmental and not genetic; and the most in‰uential environmental factor is testosterone secretion during the middle and late stages of pregnancy. The testosterone delays development of the temporal part of the left hemisphere and compensatively facilitates development of the corresponding part of the right hemisphere. Many predictions in anatomical morphology of the brain and brain function could be generated from this model. Some follow and became the core ideas of the brain-imaging studies introduced later.
Several predictions arising from the hormonal model that concern the morphological diŠerence in the left temporal lobe or plenum temporale between the right-handed (standard dominance) and the left-handed (anomalous dominance) are that the left-handed are poorer than the right-handed in various cognitive abilities, a higher percentage of homosexual people are left-handed, and there is more immunodeˆciency in the left-handed than the right-handed.
Functional Examination of Handedness EŠects by Brain-imaging Techniques
Few functional examinations of handedness eŠects by brain-imaging studies have been reported, and only a few have been reported of the handedness diŠerence in motor-area function. This scarcity derives from the fact that the prominent activation of the primary motor cortex (M1) contralateral to the dominant hand has not necessarily been demonstrated. As seen in Hammond's study, 35 activation patterns of simpleˆnger movement are equivocal; one study showed greater activation of M1 in the dominant hand, 36 another showed greater activation in the non-dominant hand, 37 and others showed no asymmetry of M1 activation. 38, 39 As for examination of handedness eŠects, Dassonville 36 used fMRI to compare activation of the cortical motor area forˆnger movements of both hands in 6 left-handed and 13 right-handed participants (assessed by the Edinburgh Inventory). They calculated the number of activated voxels in 6 cortical areas (motor cortex, premotor cortex, SMA, pre-SMA, cingulated motor area, supraparietal lobule) and evaluated contralateral and ipisilateral hand movement.
There was signiˆcant activation in the contralateral motor cortex, but not in the other contralateral motor areas. There was no handedness diŠerence. These results suggest that greater activation in the contralateral motor cortex is associated with the use of a dominant hand and that this pattern of activation is similar in the right-and left-handed.
Volkmann's group 38 investigated handedness eŠects on the asymmetry of hand representation in the motor cortex with 112-channel, whole-head magnetoencephalography (MEG). Five left-and 5 right-handed subjects were given 5 kinds of simplê nger and hand movement tasks and assessed by Witelson Inventory. 40 Theˆndings showed that activation of the M1 byˆnger and hand movements was more spatially dispersed in the dominant than in the non-dominant hemisphere and similar in the left-and right-handed. The estimated size of the corresponding area of hand movement was asymmetrical in both the left-and right-handed and correlated with self-reported hand preference.
Kawashima and colleagues 41 reported an experiment using PET in which left-handed participants performed hand extension andˆnger ‰exion movements. According to their evidence, the functional organization of the human premotor area (PMA) for motor control diŠers between left-and right-handed people. They found that leftˆnger movement of the left-handed increased activation of the right primary motor cortex (M1), the right PMA, and the right supplementary motor area (SMA). On the other hand, rightˆnger movement activated the left M1, left PMA, and left SMA and the right PMA. In the SMA, rCBF increased more with bilateral than unilateral movement. However, this study reported that right-handed participants showed diŠerent activation, such that movements of the right-hand increased rCBF signiˆcantly in the left M1 and the PMA, with small increases in rCBF in the SMA. However, movements of the left hand also elicited signiˆcant ipsilateral increases in rCBF in the MA and PMA. 39 Kawashima's studies strongly suggested the possibility of a handedness diŠerence in cortical asymmetry for motor control; however, direct comparison of left-and right-handed participants in the same experiments seems preferable for easy realization of the functional asymmetry in the motor cortex.
Solodkin's group 42 used blood oxygen leveldependent (BOLD) fMRI to examine the hypothesis that the function of the motor area of the leftand right-handed is diŠerent. They compared fMRI activation during simple and complex (sequential) nger movement tasks between 6 left-and 7 righthanded people (assessed by the Edinburgh Invento-ry). They found no diŠerence in handedness in simpleˆnger movements, that is, activation patterns of the left-and right-handed were similar in volume, area, and laterality. However, for complex movement tasks, larger volumes and numbers of brain areas (SMA, CMA, and LPMC) were activated in left-handed participants, and signiˆcantly less brain lateralization was demonstrated. Thesê ndings suggest diŠerent network features of motor systems and account for diŠerent patterns of recovery from injury between the 2 handedness groups. Although the participants had a rather weak degree of handedness in the left-handed (-42 ±20), diŠerences in functional organization of motor areas depending on handedness were highlighted. Nevertheless, further examination should be done to clarify the relation of degree of handedness strength and deviation of functional organization of motor areas from the strongly right-handed.
Handedness diŠerence in language lateralization with fMRI was reported. 43 Fifty non-right-handed adults (assessed by the Edinburgh Inventory, -100 to 52) were recruited, given a control task (tone decision: pitch discrimination) and a language task (semantic decision: animal-nameˆnding), and examined for BOLD responses. BOLD signals were observed during the language task in the supratentorial and cerebellar regions, similar to patterns reported previously in the right-handed. 44, 45 The study showed a strong relation between the laterality index in activation and degree of left-handedness and right-hemisphere activation dominance in language tasks of 8z, symmetry 14z, and lefthemisphere dominance 78z in the respective samples. These percentages of atypical language dominance resemble previously reported patterns with the Wada test. Because both right-handed men and women showed similar strongly left lateralized activation patterns with similar experimental procedures, 46 the studies suggested diŠerent patterns of fMRI activation for non-right-handed language function.
In the case of auditory function, Lewis's team 47 reported an interesting experiment. They asked 20 left-(assessed by the Edinburgh Inventory, -36 to -100) and 20 right-handed adults to listen to sounds from animals and tools being used and silently identify in their heads whether the sounds were those of an animal or a tool. They were instructed to make no verbal or motor response. Animal sounds consisted of 108 vocalizations of domestic and wild animals, such as birds, and the 108 tool sounds were of tools, such as hammers and saws, that would typically be manipulated with the dominant hand. Participants were presented with randomly arranged animal sounds, tool sounds, and 90 silent events, one every 10 s, over 6 separate fMRI scans. With the tool sounds, the inferior postcentral cortex, including portions of the inferior parietal lobule, was signiˆcantly activated only in the left hemisphere of the right-handed, but in the right hemisphere of the left-handed, and the posterior lateral sulci showed right-hemisphere activation in the left-handed and bilateral activation in the righthanded. The posterior middle temporal gyri foci in both hemispheres were predominantly activated by the tool sounds in the left-and right-handed, and the cortex more strongly activated to animal sounds than to tool sounds in both handedness groups. Finally, no signiˆcant activity was observed in subcortical regions in either group. Theseˆndings suggest that hearing and categorizing sounds produced by hand-manipulated tools activate both bilateral pathways and weakly to strongly lateralized motor-related networks predominantly in the hemisphere opposite the dominant hand. It seems that tool sounds automatically evoke motor-related memory, motor image, or action schema associated with the tool used with the dominant hand so that handedness eŠects appeared. In contrast, animal sounds preferentially activated the auditory cortex in both hemispheres, and no handedness eŠects were shown. Table 1 summarizes the results of examination with brain-imaging techniques of handedness eŠects in functions. According to my survey, though not necessarily exclusively, the above studies were brain-imaging studies that related functional diŠerences on handedness. It is clear from these that only a very few brain-imaging studies have been conducted. As described in the handedness-model section, many issues require investigation by functional brain imaging, including in genetic models, for example, assessment of the diŠerence in brain function in RS--and RS＋ ＋ people. Topics related to a hormonal model that bear investigation include whether cognitive brain function (e.g., language, visuo-spatial cognition, musical ability, and attention) is diŠerent between the left-and right-handed. With behavioral measures, such as visual half-ˆeld tachistoscopic presentation, dichotic listening showed cerebral functional diŠerences between the left-and righthanded in the 1970s and 80s. These proposals should be conˆrmed by brain-imaging techniques. For example, Hatta [48] [49] [50] once proposed a strong right-hemisphere contribution for abacus experts in mental calculations, but not for novices with dual- 52 
Anatomical Examination of Handedness EŠects by Brain-imaging Techniques
Anatomical examination by brain-imaging techniques was conducted primarily by voxel-based statistical analysis (VBM) and diŠusion-weighted analysis. VBM is usually performed on T1-weighted MR images and has revealed details of anatomical diŠerences in vivo 53, 54 and changes in gray-matter density; however, matter morphology based on T1-weighted images cannot give information about white matter well. In contrast, diŠusion-weighted analysis provides more subtle information about the tissue composition of white matter. DiŠusion tensor imaging (DTI) can be used to measure the diŠusion characteristics of water in vivo. 55 
Hemisphere volumes
The contribution of genetic factors to left and right hemispheric volumes was investigated in twins. 56 To evaluate the role of genetic contributions to structural asymmetries, cerebral lobar volumes measured by MR imaging in 72 mono-(MZ) and 67 dizygotic (DZ) twin pairs were analyzed. The Edinburgh Inventory was used to assess handedness, degree of asymmetry in lobar volumes (the diŠerence in volume between right and left sides of the brain within individuals), and relationship of handedness to twin-pair similarity in regional brain volumes. Right-handed twin pairs showed signiˆcant right-ward asymmetry of frontal and temporal brain volumes and signiˆcant leftward asymmetry of parietal and occipital lobe volumes, whereas twin pairs with one or more lefthanded members showed signiˆcant left-ward asymmetry in occipital brain volumes but no asymmetry in frontal, temporal, and parietal lobe volumes. The loss of asymmetry was observed equally in right-and left-handed individuals from among the non-right-handed twin pairs. Also, there was a higher correlation between right and left temporal lobes in non-right-handed pairs than in right-handed pairs. This indicates a trend toward more symmetry in the temporal lobe of non-righthanded twin pairs. Based on theseˆndings, it was suggested that a feeble genetic contribution to the left and right cerebral hemispheres in non-righthanded twin pairs is consistent with the model oŠered by Annett that postulates a right-handed person inherits a speciˆc directional bias in brain asymmetries related to motor and cognition (especially language) that is not inherited by most lefthanded people; that is, loss of right-shift genotype in the non-right-handed results in decreased cerebral hemisphere asymmetry.
Sulcus size
Using in vivo MR imaging, Amunts' group 57 compared the lengths of the central sulcus and showed it to be deeper in the dominant hemisphere than in the non-dominant hemisphere of 14 leftand 31 right-handed males. They also conˆrmed that post-mortem comparison of intrasulcal length of the posterior contour of the precentral gyrus (an indicator of the size of the primary motor cortex) is greater in the left than in the right hemisphere. 58 Handedness was assessed with a Hand Dominance Test, 59 not with the Edinburgh Inventory. The results showed that the right-handed had a deeper central sulcus in the left hemisphere than the right, and the left-handed had a deeper right central sulcus than left on dorsal sections through the precentral gyrus. This asymmetry was more pronounced in the right-than in the left-handed. Later study by the same authors with 50 right-, 24 left-, and 29 ambilateral-handed participants replicated thê nding of the deeper central sulcus in the dominant hemisphere of right-handed males, whereas 62 percent of the left-handed showed a deeper central sulcus in the right hemisphere. 60 However, they found no interhemispheric asymmetry in females and suggested that brain anatomy is associated with sex diŠerences in the cortical organization of hand movements. 61 
Corpus callosum (CC) size
The examination of handedness and corpus callosum (CC) morphology also emerged from the development of brain-imaging techniques. CC has been suggested to play an important role in interhemispheric communication by facilitating the interhemispheric exchange of sensory, motor, and higher-order cerebral functions. 62 The CC is also felt to exert an inhibitory action on the nondominant hemisphere, thereby suppressing potentially con‰icting motor programs. 63 Somatosensory and motorˆbers are localized in the central part of the CC, whereasˆbers connecting higher-order cognitive processing are concentrated in the genu and isthmus. 64 Galaburda's team 65 suggested that the development of the CC correlates closely with the development and maintenance of cerebral dominance, and Witelson reported post-mortem studies in which non-right-handed males showed a larger posterior CC area than did the right-handed. 40, 66, 67 Thus, laterality and CC size must be related. Based on these considerations, in vivo MR imaging examinations of CC size and handedness commenced.
Kertez's group 68 failed to demonstrate handedness eŠects related to total size of CC, genu, and splenium. Fifty-two right-and 52 left-handed people, assessed by writing-hand preference, participated in this examination. Further analyses of the same data that changed handedness classiˆcation criteria, however, showed a larger isthmus in the non-right-handed than the right-handed. 69 Hines and colleagues 70 also found no eŠect of handedness on CC size. Preuss's group 71 recently tried a similar comparison, but failed to demonstrate any signiˆcant diŠerence. In their study, the total size and that of 5 subdivisions (labeled C1-C5 in a rostraloccipital direction) of CC were compared in 32 right-and 14 non-right-handed people (assessed by Hand Dominance Test), 72 and the non-right-handed showed larger C2, C3, and C5 sizes. However, the diŠerence was not signiˆcant.
Luders and associates 73 also reported negative data on the interaction of CC size and handedness in 30 males (15 right-and 15 left-handed, assessed by Edinburgh Inventory) and 29 females (15 rightand 14 left-handed). Theˆndings showed signiˆcantly larger brain volumes in males than females; however, it was not the case between handedness groups. There was no signiˆcant size diŠerence between sex and handedness groups in total CC size and portions deˆned by Witelson. 40 Theˆndings contrast with those of Witelson and post-mortemˆndings.
The relation between individual diŠerence in CC size and brain function was examined in 113 subjects. 74 The corpus callosum contains axons from about 0.1 billion cerebral hemisphere neurons, 75 and individuals diŠer by nearly 3-fold in their number of interhemisphericˆbers (3-11 cm 2 at sagittal midline: corpus callosum cross-sectional area). 76 Morton and Rafto 74 compared individual CC size and various cognitive abilities and found a signiˆcant link to auditory function, but handedness eŠects were not shown.
The majority of these studies suggest no handedness eŠect on CC size. However, most studies used consistently right-handed (extreme right-handed) people as the right-handed, but mixed-or non-consistently left-handed people instead of consistently left-handed. Further examination should be conducted with a rigid selection of handedness groups.
Cingulate cortex size
Cingulate cortex morphology was also examined by Gong and colleagues 77 using DTI, which allows clear boundary discrimination between the cingulum bundle and its adjacent white-matter tracts. MR imaging measurements conducted in 31 rightand 14 left-handed participants (assessed by Li's handedness inventory 78 ) showed a signiˆcant leftgreater than right-asymmetry pattern. However, no signiˆcant diŠerences in handedness by side interaction were shown, which suggests no signiˆcant diŠerence in any segment of the cingulum.
Ventricle size
Ventricle size morphology was compared with 20 right-and 21 left-handed young adults 79 (assessed using Edinburgh Inventory) who were extremely right-and left-handed. Volumes of the right-lateral and third ventricles were signiˆcantly larger in the right-than left-handed, whereas no handedness Fig. 1 . Box-whisker plotsˆguring distributions of hemispheric diŠerences (left minus right) in gray matter (GM), white matter (WM), and total brain issue computed as the sum of GM and WM in right-and left-handed participants. Written by author based on the data in Table 1. diŠerence was shown in the left-lateral and fourth ventricles. No sex diŠerence was found in terms of the volumes of the right-and left-lateral, third, and fourth ventricles. Theseˆndings suggest that the left-handed possess smaller brain ventricles that invite a diŠerence in white-matter morphology between handedness groups, such as a larger size in the left-than in the right-handed.
White-matter volume
Buchel's group 80 examined white-matter morphology. They measured the fractional anisotrophy (FA) of diŠusion that is sensitive to the coherence of the orientation ofˆbers within each voxel; lower FA values indicate decreasedˆber coherence or myelination defects, as shown in multiple sclerosis. 81 Nine left-and 19 right-handed adults participated in this experiment. Results showed handedness diŠerence in the frontal lobe (under the precentral gyrus), where the degree between greater FA in the right over the left hemisphere for the lefthanded and greater FA in the left over the right hemisphere for the right-handed were signiˆcantly diŠerent.
Good's group 54 examined handedness eŠects in white-matter morphology with 67 left-(29 males, 38 females) and 398 right-handed people (227 males, 171 females). Handedness was assessed by only one item-the writing hand. Although they found sex-related diŠerences in several areas, their VBM analyses showed no signiˆcant total graymatter volume diŠerences between the 2 handedness groups. Neither was there signiˆcant diŠerence in regional analyses of gray-matter volume between right-and left-handed participants. White-matter analyses showed no handedness diŠerence in total white-matter volume and cerebrospinal ‰uid volume, and regional analyses showed similarˆnd-ings.
Herve and colleagues 82 conducted a large-scale comparison of handedness and cerebral anatomical asymmetries in 56 right-and 56 left-handed young males. They reported that the most reliable technique to study cerebral anatomical pattern analysis is a voxel-based morphometry, 53 which is a fully automated technique based on voxel-wise statistical analyses of gray (GM) or white matter (WM) densities after segmentation of spatially normalized MR imaging scans. Their left-handed participants' scores by Edinburgh Inventory were -100 to ＋22.2, and those of the right-handed were ＋42.8 to ＋100. As seen in Fig. 1 , the results of hemisphere volumetric analyses showed signiˆcant sideby-handedness interaction for WM volume, hemispheric volume, and GM W WM ratio, but not for GM volume. Left-ward WM and hemispheric volume asymmetries were more marked in the right-than left-handed, whereas right-ward GM asymmetry was found but did not diŠer signiˆcant-ly between handedness groups. The GM W WM ratio was greater on the right side in both handedness groups, but less importantly in the left-handed. Theseˆndings seem to suggest that anatomical correlates of left hemisphere specialization for language would exist in white matter and greater functional ambilaterality in the left-handed.
Their study reported further comparisons of anatomical asymmetries in left-and right-handed participants. Statistical comparison of the GM asymmetry patterns of the 2 groups showed more left-ward asymmetry in the right-than left-handed, though signiˆcance levels were not very strong. The regions showing signiˆcant GM volume asymmetry diŠerences between the left-and right-handed were the precentral sulcus, central sulcus, inferior occipital region, inferior parietal gyrus, planum temporale, superior frontal sulcus, inferior frontal sulcus, hippocampal region, and cerebellum. Signiˆ-cant diŠerences in WM volume asymmetry were shown between the 2 groups for the cerebellum and middle frontal gyrus.
Theˆndings that the left-handed showed variations in anatomical asymmetry, paralleling variations in motor and language function, were coincident with the proposal by Annett's model that hypothesized random biased language and motor asymmetries in the non-right-handed.
Planum temporale volume
The planum temporale (PT) is a neocortical area at the surface of the posterior superior temporal gyrus within the peri-Sylvian region and relates to the auditory association cortex. Geschwind and Livitsky 83 presented evidence that the PT is the most lateralized region of the human brain. 84 Early post-mortemˆndings have been examined by in vivo brain research techniques, such as MR imaging. Because deˆning the border of the PT is di‹cult, Zetzsche and colleagues 85 examined handedness eŠects on brain lateralization with respect to PT using 3 diŠerent measures. They used the Edinburgh Inventory to measure 30 right-handedonly people, but degrees of handedness were diŠer-ent. The relationship between degree of handedness and brain lateralization with respect to PT volumes was signiˆcantly correlated with the degree of handedness in the third deˆnition of borders between anterior and posterior PT, the bifurcation of the Sylvianˆssure. These results suggest that the deˆnition of regional borders on the topic investigated may aŠectˆndings as to the eŠects of handedness in morphological studies.
Hippocampus volume
A speciˆc advantage of brain-imaging techniques is that they have made it possible to clarify the characteristics and features not only of the neocortex, but also the subcortical areas of the human brain. Anstey's team 86 compared hippocampal and amygadala volumes of 410 right-and 31 left-handed (assessed by Edinburgh Inventory) community dwellers (60 to 64 years old). They reported hippocampal volumes larger in the left-than righthanded women, buts no hippocampal volume diŠerence for handedness in men, and amygdala volumes were not associated with handedness and sex. Theirˆndings seem to support a proposal regarding lower rates of dementia in left-handed, aged people. Their subjects were older and thereby diŠerent from those in most previous studies, which examined handedness eŠect on volumetric comparison with MR imaging of young brains. However, this kind of examination for subcortical areas in volume of aged people seems to oŠer valuable information for possible diŠerent developmental changes between the left-and right-handed in the later developmental stage and for the Geschwind handedness model.
Since the proposal of the Geshwind-BehanGalaburda models, in vivo MR imaging studies of the relationship between handedness and asymmetrical structure in the CNS have begun. Steinmetz and colleagues 59 demonstrated a diŠerent pattern of asymmetry between the left-and righthanded for the PT. They found that the right-handed showed a signiˆcantly larger left PT than for the homologous region in the right hemisphere, but the left-handed did not show such prominent PT asymmetry. Twenty-six left-and 26 right-handed people were used, with self-declared handedness. Snyder and associates 87 replicated the handedness eŠects on cerebellar volume asymmetry with 8 non-righthanded and 15 right-handed participants (assessed by Edinburgh Inventory). That is, they found a similar larger right-side volume than left in the anterior region, but larger left-side volume than right in the posterior region, even in the cerebellum, and a signiˆcant handedness eŠect on an index of cerebellar asymmetry, such that the right-handed showed more asymmetry than the non-righthanded. This seems to suggest that the development of the cerebellum is closely linked to the determination of hand preference.
Schizophrenic left-handed brain morphology
Handedness eŠects of brain morphology in people with schizophrenia have been examined using MR imaging. Originally, laterality study proposed diŠerent cerebral functions in those with and without this disease. Beaumont 93 and left posterior superior temporal gyrus. 94 95 reported that their patients with schizophrenia were signiˆcantly more left-handed than control groups, and increased sinistrality was associated with a larger lateral ventricle-to-brain area ratio. Hollinger and colleagues 96 reported MR imaging of left-handed patients with and without schizophrenia and showed a diŠerence between left-and right-handed men with schizophrenia, such as smaller graymatter volume in the posterior superior temporal gyrus and a smaller volume on the right side of the total superior temporal gyrus. Frontal lobe abnormalities have also been hypothesized for the schizophrenic syndrome, and Wible's team 97 used MR imaging to measure the prefrontal gray and white matter volumes of 17 right-handed patients with schizophrenia. Their Table 1 listing of MR imaging studies showed some volumetric diŠer-ences in frontal lobe area between patients with schizophrenia and control subjects. They found no signiˆcant diŠerences in prefrontal gray matter volume between patients with disease and controls, but reduced volume in right prefrontal white matter in the patients. Examinations of left-handed people with schizophrenia have not been reported. Table 2 summarizes the results for handedness eŠects on function with brain-imaging techniques.
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Summary
Recent studies examining handedness diŠerences using brain-imaging techniques have been reviewed, and handedness eŠects on functional and anatomical studies are summarized in Tables 1 and 2 . Although few studies have used brain-imaging techniques to investigate functional handedness diŠerences, many issues should be thus investigated, as described in the handedness models.
For various reasons,ˆndings for handedness eŠects in brain-imaging studies are not identical, but rather equivocal. Among the reasons are the varying deˆnitions of targeted regions and the comparatively small number of participants in such studies compared with the number of subjects evaluated in behavioral experiments, such as those involving dichotic listening and tachistoscopic visual half-ˆeld presentation methods in the examination of handedness eŠects on laterality. In addition, the results from statistical procedures, such as ANOVA, conducted in experiments with small numbers of participants (i.e., 5 or 6) are less reliable because of the di‹culty in hypothesizing a normal distribution of data with such small numbers. 98 Variability of imaging results may also have resulted from the number of left-handed participants and the signiˆcant variability in degree of handedness among them, whereas the right-handed participants showed equally extreme right-handedness. Janssen 99 commented on methodology and deˆnition and classiˆcation of the left-handed in handedness studies.
Active investigations generated by the handedness models, such as the morphological examinations on the corpus callosum and planum temporale, point to the need for collaboration between researchers knowledgeable of behavioral measures and those who have mastered new brain-imaging techniques.
Because functional and morphological investigations seem to be conducted separately, but not coincidentally, and one-to-one correspondence between morphological and functional diŠerences cannot be hypothesized, synergistic examinations between functional and morphological viewpoints are strongly expected.
As brain-imaging techniques continue to develop, new research horizons, such as the investigation of subcortical areas and white-matter characteristics, are cultivated, and more precise examinations of brain function as a system will be welcomed.
